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Gastric emptying during exercise:
effects of heat stress and hypohydration

P. D. Neufer, A. J. Young, and M. N. Sawka

LS Army Research Institute of Environmental Medicine, Kansas Street Natick, MA 01760-5007, USA

Summary. To determine the effects of acute heat
stress. heat acclimation and hypohvdration on the
gastric emptving rate of water (W) during tread-
mil exercise. ten physically fit men ngested
400 ml of W before each of three 15 min bouts of
exercise (treadmill, ~ 50V, ) on five seperate
occastons. Stomach contents were aspirated after
cach  excrcise Before hcat acclimation
(ACC). experiments were performed in a neutral
(18 ). hot (49°C) and warm (35°C) environ-
ment. Subjects were euhvdrated for all experi-
ments before ACC . After ACC, the subjects com-
pleted two more experiments in the warm (35°C)
environment: one while euhydrated and a final
onc while hypohydrated (— 5" of body weight).
The volume of ingested water emptied into the in-
testines at the completion of each exercise bout
was inversely correlated (P<0.01) with the rectal
temperature (r= —0.76). The following new ob-
servations were made: 1) exercise in a hot (49° C)
environment impairs gastric emptying rate as
compared with a neutral (18 C) environment, 2
exercise 1n a warm (35 C) environment does not
significantly reduce gastric emptying before or
after heat acclimation. but 3) exercise in a warm
environment (35 ) when hypohydrated reduces
gastric emptying rate and stomach secretions. Re-
ductions in gastric emptying appear to be related
to the severity of the thermal strain induced by an
exercise heat stress.,

bout.

Key words: Thermal strain - Heat acclimation
Freadmill exercise Fluid replacement - Sto-
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Introduction

During exercise, core temperature increases in
proportion to the metabolic rate of the activity
(Neilsen 1938). In order to minimize the rise in
core temperature, skin blood flow increases and
sweal is secreted to dissipate the metabotically re-
leased heat. During prolonged exercise in a hot
environment, sweat rate (and thus body water
loss) can exceed 1.0 1-m “-h ' (Adolf 1947:
Costill et al. 1970). If not adequately replaced by
fluid ingestion. this body water deficit will result
in an increase in both thermal and cardiovascular
strain, thereby reducing heat loss and exercise
performance (Sawka et al. 1984a).

It has generallv been assumed that fluid in-
gested during exercise/heat stress will be readily
absorbed by the gut. In a recent study however.
Owen et al. (1986) found an increase in the gastric
residue recovered following treadmill exercise
performed in a warm [35°C. 20"-50" relative hu-
midity (r.h.)] as compared with a neutral (25" C,
20" 50% r.h.) envirenment. Although gastric
emptying was assessed from only a single residue
obtained immediately following 2 h of exercise
and fluid ingestion, these findings do suggest that
acute exercise/heat stress may reduce gastric
emptying, possibly limiting fluid replacement.

It 1s well established that heat acclimation re-
duces the thermal and cardiovascular strain asso-
ciated with a given exercise-heat stress (Rowell
[9K3). This raises the question that, if acute exer-
cise/heat stress reduces gastric emptving. does
heat acchimation attenuate this reduction? In con-
trast, the thermoregulatory advantages associated
with heat acclimation are compromised in indi-
viduals performing exercise in the heat when hy-
pohydrated as compared with euhydrated (Sawka
et al. 1983). Both the separate and combined ef-
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fects of heat aeclimation and hypohvdration on
the pastric emptyving rate of water i individuals
performing exercise i the heat have not been pre-
vioush addressed.

he purpose of the present study was o exam-
ine the mfluence of exercise heat stress on the
cuastric emptyviintg rate of water in unacchimated,
heat acchmated and hypohvdrated subjects. We
hypothesized that, compared with exercise in a
noutral environment (X ). acute heat stress
thoth 33 and 49 C) would reduce gastric empty-
me while heat acchmation would attenuate this
reduction. burther. we hypothesized that the ad-
ded thermoregulatory strain associated with hy-
pobvdration would impair gastric emptying dur-
g exercise heat stress as compared with eu-
hvdrated condinons, The findings of this study
fave divect timpheations for hvdration and rehy-
dration procedures to he emploved by athletes,
workers and military personnel engaged 1n physi-
cal avtivity.

Methods

Stebae 1

tormed of the reguirements and possibie risks assocrated with

Ten men solunteered tor this study after being in-

this rescarch, One week hefore experimental testiog, cach sub-
oot il oxvgen uptake ¢f was determined fram
progressive treadmfl test (Sawka ot al (984 In addition,
nude body niss was obtaned every morning throughout the
study Mean body muass was used 1o establish base-line data
that represented culivdration for cach subject. The characteris-
tres vmean - SE o1 the subjects were age 193+ 04 vr height
P76 020 L mass a6+ 14 ke, and T, ST9+0.8
mi-he o cmin The study was conducted in Natick, Muass,
trom Late March to carly Mav in order to minimize any eftects
ol natural heat acddimatization,

Fapermmentar desgn N experiments were completed follow-
e E2 16 h overmieht fast U pon reporting to the test cham-
her. the subiects were mtubated with 4 number 14 French, Le-
vine gastriv tuhe through the nasal passage. Each subject in-
sested 200 300 ml of water to facititate the intubation proce-
dure and toaid i the sabseguent removal of the fasting gast-
ric ressdue. Once iptuhated. the subjects completed a 10 min
woarnap treadmull run 268 momin 0 arade). This progce-
dure has previoushy proven efectne i eliminating any reduc-
tran o the el castoic emptving rate tha niay occur due to
an osermeht st or Lack of physical acuvity (Neuter et al.
Tos6n Arer the warm-ap exercise, stomach contents were re-
meved s asprratton with o Sml svringes The nasogastric
tabe was mosed svstematically wathin the stomach during as-
preatinn tonsure complete evacuation of the gastric residue.

Woter served as the test denk Jor ol rals. The drinks
were admimistered cold at < 5 C and contained 25 mg -} T ar
phenol red. g nonabsorhable marker (Schedl 1966y, The design
1o all cvperiments was the same. Mter completing the wirm-
ap overoses the subpects mgested 400 mt ol water and per-
1o Immedi-

el post eacruse, s contenis were aspirated. A second

formed T3 of treadmill everarse ¢~ S0 1,

«

oDy Neober ctal Gustne emptvanz and cverase heat stress

A0 ml ot water was then tngested and the process repeated
with cach subject completing o totab of three 13 m exeiase
boats per experiment. [Cis portant (o note ihat there is con-
sidenable mterindividual varation i zestnie emptying. Howe
cver. the reliabthty of this mcthod for repeated  measures
within the same indioduad has presiousds been reported (C os
tll and Salun 1474 In addition, the retabrlity coetticient tor
10 subjedts i the present study performing 4 identical gastric
ciptiving trials (22658 meo~ 00 gradel IS Oy was O8N3 Dur-
myg all experiments, rectal temperature was monitored via
thermistor inserted 100 mm beyond the anal sphinceter. If rec-
tal remperature eveeeded 395 C gt amy ome during the exs
penments and or acchimation sessions tdescribed below b test-
ing of that subject was discontmued tor the duy and the ~uh-
ject was removed to g cool environmient. Heart rate th-min
wis obtatied v radiotelemetry and recorded dunng the Sth
and Toth min of cach 15 min exercise bout. Al gasine empiy -
ing experiments swere separated by at feast one day ot rest.

Fach subject completed five experiments. OQur pomary in-
tent was to elicit a gradavon in the degree of thermal straomn
experienced by the subijects during cach of the experiments
Betore acclimation, the subjects completed three experiments |
one eapertment (N-UN i g neutrad environment ofy €020
rho. o second experiment (H-U Ny in g hot ensironment
49 C0 200 rhos and a third experiment ¢eW-UNy i a4 warm
cnvironment (33 C. 28 . rho The subiects were cuhvdrated
tor Al experiments performed before heae acclimation. After
acclimation, the subjects completed two mare experiments in
the warm environment (33 C. 20 rhuys ane expertment (W
ACCy while cubvdrated. and o final experniment tHY-ACC
while hypohydrated by & of body weight. Due to the sevenity
of the heat stress during experiment H-UNCondy 7 of the td
subjects were able to complete two of the three exercise bouts
before achieving a rectal temperature ol 395 €0 No subject
completed the third exercise bout. [n addition, several subjects
complained of severe gastric distress. In view of these re-
sponses. no experiments were performed in the hot environ-
ment (49 CL 200 rhay after heat aechimation.

The heat acchimation program consisted ol two S0min
treadmill exercise £ ~307 1,y bouts in the heat (49 (.20
v separated by 10 g o tese o
the acclimation sessions, rectal temperiiure and HR were
monitored continuousiv. The subjects wore gvm shorts, T-
shirts, and tennis shoes during all testing.

Appronimatels 24h betore the hypohvdration experi-
ments (HY-ACC) the subjects voluntarily restricted their food
and fluid consumption. In additon during the afternoon of
the duy betore experiment HY-ACH | the subjects performed
licht intensity exercise ina hot (48 C) environment to dehy -
drate by 3. of their baseline body veight. Subjects achieving a
weight reduction greater than 57owere allowed an appropriate
arount of fruit juices. The subjects rested during the nightina
cambortabie environment. The following morning subjects
were weighed. provided with water if sutficiently underweight,
instrumented. and instructed o sicquietls for 30 min. A small
(3 mby blood ~sampte was obtained (venipuncture) from an arim
vein for subsequent plasma henatocerit. hemoglobin, total pro
tein. and asmolality determinadon. An identical procedure for
hlood sampling was also carried out before experiment W-
ACCL

T comnevaare davs During

Phyviological and biochemicai analvsis. Heart rates were deter-
mined from electrocardiograms obtained with bipokar (CM$)
chest clectrodes and radiotdlemetered to an nsﬂllnxcnpc-c.lr
diotachometer umit (Hewlett-Packard). Oxvgen aptake meas-
urements were performed with an automated system (Sen-
sormedic Harizon MANCH,
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Blood ~samplos obtained betore the cuhvdrated (W-ACO)
nd ipobydrated CHY-ACC) experiments were placed i
T2 USSP ame of hitbam heparin, Fach blood
samplie was anabyzed mimpheate for hemoglohm Hemoglobs

thes contamng

aomerer. Coulter Plectiomost hematoori (micro-ceniritoga-
none plasime protein aetractometny, American Opucal), and
osmobadits cOsmette AL Precision Systeins

Fotlawimg aspination, the volume of gastre residue was
revordad and an anguot of the residue stored at 3 CL Betore
attalvsiss gastie restdues were centrifuged at 4 C oo separate
AT mb sample of the superna-
nant s then piaced in S ml ot g owater bone acid bulter, The

v muacous within the residue

P ot the buttered residue ~olution was wdjusted o 92 and
densiny measured  spectiophotometrically - at
The ratio of the optical density of the restdue to the
cptrca densits of the ontgimal drink provided quantification as

die optical

AN

to the didution obf the onginal drink by pastric secretion
iSchedl oer In addinon, the volume (mly of ingested water
cmpuied into the intestine coriginal drink empuedy and the volb-
ame ot stomach secretion added 1o the residue was caleulated
Coasiric emptying rate was estimated by dividing the volume of
cnimal drink emptic © by the total tme of each exercise bout
The percent of onginal drink empticd was deter-
mmed by dividing the volume of origingl drink emptied by the
s ansipned cdonn

RN

Yiasred!d dRAIvsis Statistiead COMPAri~ons were made using g
repeated measures anabysis of varianee. It significant main ef-
Cecis were indicated, Tukey's crigedl difference was caleulated
to locate signiticant ditterences at the <0050 Al data are

prosented as mean = SHE

Results
Rectal temyerature and heart rate

Rectal temperatures increased significantly dur-
ing exercise for all experiments (Fig. 1). Exercise
in a warm environment (35 C) in the unaccli-
mated state (W-UN) elicited a modest rise in rec-
tul temperature that was greater than experiments
N-UN and W-ACC during the second and third
exercise bouts. The rectal temperature responses
i the warm ceavireament (W-ACC) tollowing

heat acclimation were not different from  re-
sponses  observed  during  experiment N-UN.

When subjects were hypohydrated (HY-ACC),
rectal temperature was higher than experiments
NN and W-ACC by the end of the first exercise
hout aivd remained elevated over experiments N-
UNCWSENDand W-ACC during the tinal two ex-
crcise hbouts, Two subjects were forced to with-
draw from the hyvpohvdration experiment (HY-
ACC) due to iliness resulting inan N of ¥ for ex-
periment HY-ACC, The largest increase in rectal
temperature oceurred during experiment H-UN.
By the end of the first exercise bout, rectal tem-
perature during H-UN was higher than during ex-
periments N-UNCW-ACC and W-UN and. during
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Fig. 1. Rectal temperature © Oy values (mean +SEy tor e
periments N-UN (I8 O unacclimated). H-UN 49 O unae-
climated), W-UN 35 Counacchimatedss W XCC 135 Coacdch-

mated). and HY - ACC (35 €0 5 hypohaydrated and acchi-
mated). = Significanty different (P< 0035 trom all other ey
periments. F Significandy different from expernmments N-E N
and WoACCD Y Significantdy dutterent from N-UND WL ACC
and W1 N

the second exercise bout, greater than all other ex-
periments.

Table | presents the heart rate data for the
three exercise bouts during ecach experiment.
Heart rates during exercise in the hot environ-
ment (H-UN) were significantly higher than all
other experiments for bouts ! and 2. In addition.

Table 1. Heart rate during exercise

Bout |

Fapenment Bout 2 Bout 3
Sth 1oth Sth 10th Sth 10th
mip e min  min i min

N-UN 146 1350 43 15 f46 152
+3 43 LER T 3 =R

F-UTN P70 INT* fa6s 201

=" ry e N

WoUN 153 [ 159 {6d- 1207 1od-
* +4 R SR i S

W-ACC 151 157 133 18- Lot 160
+3 0+ + 3 + 3 Ea B

HY-ACC [IRE S 6= 173 T

(= %) + 0 +6 L +6 s N

Values are mean + SE (n = {h for heart rate b - min ") during
the Sthoand 10th min of cach 15 min treadmill exercise session
for experiments N-UN cncuteal erviconment, I8 ) H-UN
(hot environment. 49 € preacchmation), W-UN (warm envi-
ronment, 35 ¢ preacchmation). W-ACC (warm environment.
350 post acchmatton), and HY-ACC (5 hypohydrated.
35O, post acchmation). * Significantlhy (2 < 0.05) different
from all experiments Signtficanthy ditfecent from evpert-
ment N-UNC Y Significantly different From experiment N-UN
and W-UIN
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Fable 2. C haracterstios ot gastrie residies

fapenment Bout ! Bout 2
OD S8 QDL
NGEN 00N SXM 33
£ 23 2o [ RN
H-UN AR 480 1961
ne + 243 3 + 359
Wl N 2638 N3 REARY)
MR + 49 + 139
WA ARRY] 420 3243
R RY nd3 160
FEY - NC 2450 2iet 2295
N 2ol £ 28 + 27N

Nodues are mean o SEon -

P Neufer et al - Gastrie emptving and exercise heat tress

Bout » ~ bmpuing rate
(ml - min )

S8 ODF SS

41.7 REEX!] 37 210

71 +24.2 287 14

339 13.9°

+23 +2.0

6 3079 R 8.9

£6.5 + 9.5 + 4.5 + 1.1

23K RALA 92 204

+ 32 + 178 + 49 11

17.3 2358 1397 [N

37 + 293 + 33 + 1.9

It Sor the the yvolume rmly of original drink emptied (ODE) from the stomach to the intestine and the

celume b of stomach secretions (88) added o the gastric residues during each 153 min exerdise session for experiment N-UN
rncutras emvironment, 1IN O H-UN phot environment, 49 C preacchimation), W-UN (warm emvironment. 35 O predcclunation),
WOACC awarm environment. 35 C post acelimation) and HY-ACC (570 hypohydrated. 35 € post acchimation). Also presented s

the approvimite dverage cmptving rate (ml - min
Cosenticantiy ditferent (p -2 0.05) from experiment N-U'NL
AYOR

heart rates during experiment HY-ACC  were
sreater than during experiments N-UN and W-
UN. Exercise in the warm environment (experi-
ments W-UN and W-ACC) also elicited slightly
greater heart rate responses as compared with ex-
periment N-UN.

Following 7 days of heat exposure, tinal rectal
temperature values during acclimation sessions
were significantly lowered from 39.06 £0.167C
on day 1 to X 19+0.011 C on day 7. Final exer-
cise HR values were significantly decreased trom
153+4 h-min 'ondav 1t 136£3h-min 'on
dav 7. Rectal temperatures and HR were not sig-
nificantly ditferent between davs 5, 6 and 7, and,
as such, heat acclimation was accepted as being
complete,

Gasteie emptyving - dacute exercise heat stress. Table
2 prosents the volumes of original drink emptied
and the corresponding average gastric emptying
rates during experiments N-UN, H-UN and W-
UN. The volume of original drink emptied aver-
aged 3S3+21.3 ml for the three exercise bouts
during experiment N-UN, corresponding to a
mean emptyving rate of 21.0+ 1.4 ml-min ' In
contrast, the volumes of original drink emptied
woeo o Auring experiment H-UN as compared
with N-UN in bout 1t aid cxperiments N-UN and

W-1'N in bout 2, corresponding to a gu.liic
emptying rate  during experiment H-UN  of
13.9+2.0 ml-min The volume of original

drink emptied during experiment H-UN, ex-

y during each experiment
Significantiv different from experiments N-UNCW-UNCand W

pressed as a percentage of the volume ingested
{400 ml), averaged only 52", as compared with
79" during experiment N-UN. The gastric emptv-
ing responses during experiment W-UN were in-
termediate to experiments N-UN and H-UN, be-
ing less than experiment N-UN oaly during the
second exercise bout (Table 2).

Gastric emptying: heat acclimation and hypohydra-
tion. All ten subjects achieved the prescribed level
of hypohydration before experiment HY-ACC.
Table 3 gives the resting values of blood consti-
tuents when the subjects were euhydrated and 5%
hypohydrated. Values for hemoglobin, hemato-
crit, osmolality and plasma protein were greater

Tuable 3. Blood consti . 2
drated state

. the euhvdrated and 57 hypohy-

Hydration Blood parameter
state
Hh Het Osm pp
g lomb mosmol -1 " g 100 ml
Fuhvdrated 14.2 439 2RO 7.1
+03 +6  +i +9.1
Hypohvdrated  16.8¢ S0.0" 2R7¢ .6+
+0.5 LI UM T 03

Vialues are mean +SE (n=10) for hemoglobin (Hb), hemato-
cnt (Heg. asmaeliliny 1Osmy and plasma protein (PP from
blood samples obtained 30 min betore eapuinncuts W-ACC
teuhydratedy and HY-ACC (53" hypohvdrated). * Significantly
(P 0.05) different from corresponding euhyvdrated value
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Fig. 2. Correlation of final exercise rectal temperatures (7C)

recorded during the 10th min v~ the corresponding volume
mb of origimal drink emptied tor cach exercise session

hetare experiment HY-ACC as compared with W-
ACC. These data are in agreement with pre-
viously reported changes of blood constituents
following a similar dehydration protocol (Sawka
et al. 19844).

As shown in Table 2. heat acclimation did not
stgnificantly influence the voiume of original
drink emptied during anv of the exercise bouts,
resulting in an average emptying rate of 189+ 1.1
ml-nmin * and 204+ 1.1 ml-min ' for exper-
ments W-UN and W-ACC. respectively. In con-
trast. the volume of original drink emptied during
the second and third exercise bout of experiment
HY-ACC was reduced as compared with experi-
ment W-UN and W-ACC. The emptying rate dur-
ing the final two bouts of exercise of experiment
HY-ACC averaged 15.5+1.9 ml-min~'. This
corresponds to an average 58% of the original
drink emptied during experiment HY-ACC as
compared with an average 81% for tne final two
exercise bouts of experiment W-ACC.

Table 2 also presents the mean values for the
volume of fluids added by the stomach (stomach
secretions) during each experiment. Stomach se-
cretions were consistently reduced during experi-
ment HY-ACC, being lower than all experiments
during bout 1. and experiment N-UN during
bouts 2 and 3.

To determine the relationship between gastric
emptying and the thermoregulatory strain, data
from all experiments was pooled. A negative cor-
relwtion (r=—0.76, P<0.01) was found between
the final exercise rectal temperature and the cor-
o toitume of onginal drink emptied for
each exercise bout (Fig 2).

1espond.n
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Discussion

This study demonstrates that gastric emptying is
markedly reduced in individuals performing
treadmill exercise in 4 hot (49°C) as compared
with neutral (18" C) environment. Moreover, gast-
ric emptying is also reduced in individuals (heat
acclimated) performing exzreise in a warm (35 C)
environment when hypohydrated (— 5% of base-
line body weight) as compared with euhydrated.
The process of fluid replacement is a function cf
both the rate at which gastric contents empty from
the stomach and the rate at which fluids are ab-
sorbed {rom the small intestine. Our results sug-
gest that the first step (gastric emptying) in this
process is impaired relative to the thermoregula-
tory demand of an exercise/heat stress (Fig. 2).

Previous studies have reported that thermor-
egulation and exercise performance can he main-
tained in the heat when individuals ingest water
during the activity (Costill et al. 1970: Gisolfi and
Copping 1974: Pitts et al. 1944). Although gastric
emptying was not measured, the authors (Costill
et al. 1970; Gisolfi and Copping 1974: Pitts et al.
1944) attributed these findings to the effectiveness
of the ingcsted water in minimizing water losses
incurred by dehydration. Despite these previous
reports regarding the overall benefits of fluid re-
placement, the results of the present studv de-
monstrate that gastric emptying rate is greatly re-
duced when exercise is performed in a hot (497 C)
environment. Owen et al. (1986) recently reported
a marked increase in the volume of gastric residue
recovered immediately following 2 h of exercise
in the heat (357 C) as compared with 4 comforta-
ble environments (25°C). In the present study,
however, exercise at a similar ambient tempera-
ture (35°C, experiment W-UN) did not consis-
tently influence the gastric emptying rate as com-
pared with exercise in the neutral environmental
(187 C). This apparent discrepancy may be ex-
plained by the fact that, in the study by Owen et
al. (1986). relative humidity ranged from 30"s-50",
near the end of each 2h exercise (65°¢ Vi, )
bout. In the present study, however. relative hu-
midity was maintained at 20" and exercise inten-
sity at 50" Vo, . Consequently, the greater ther-
mal strain experienced by their subjects (86) re-
sulted in an increace in rectal temperature from
~38.50 to ~39.50" C durirg the final hour of ex-
ercise, similar to the responses observed in our
subjects during experiment H-UN (Fig. 1).

The mechanism by which acute heat stress im-
pairs gastric emptying rate during exercise re-
mains open to speculation. Exercice in the heat




d-

may evert a direct inhibitory eftect on the contrac-
tile actoivity of the stomach. Increased intragastric
pressure. generated by contractions of the proxi-
mal region of the stomach, is believed to be the
primary mechanism for emptyving of liguids (Mi-
nami and MceCallum 1983). This contractile activ-
1y within the stomach is thought to be controlied
through the vagal system and or the release of
various gut hormones, both of which inhibit prox-
il gastric contractions.
cither of these mechanisms during acute exercise

heat stress would therehy hmit gastric emptying.
in addinon, plasma f-endorphins have also been
reported to delay gostric emptying by decreasing
the gastric contraction rate  (Konturek  1980).
However, it should be noted that increases in
plasma fl-endorphins are generally reported to oc-
cur after. and not during exercise (Farrell 1985
Goldfarb et al. 1987). Another possible mecha-
nism for the observed reductions in gastric empty-
ing mayv bhe related to alterations in splanchnic
blood flow. Fxercise in the heat is characterized.
among other phyvsiological responses, by a redis-
tribution of  cardiac output away from the
splanchnic region, most likely due to increased
svmpathetic nervous activity (Rowell 1983 Row-
ell et al. 1987). A reduction of splanchnic blood
flow could compromise plasma fluid uptake in
the intestine, resulting in an excess intestinal fluid
volume. thereby causing a reduction in gastric
emptying.

In contrast to our hypothesis, heat acclimation
wias not accompanied by an enhanced gastric
emptying rate in experiment W-ACC as compared
with W-UN (Table 2). However, it is important to
notz that gastric emptving during exercise in the
warm environment (35 C) before heat acclima-
tion (experiment W-UN) was not different from
cxperiment N-UN. Thus. the relatively mild addi-
tional heat strain during experiment W-UN was
insufficient in eliciting a consistent decrement in
the gustric emptying rate. It is possible that in
conditions where heut stress is sufficient to impair
gastric emptving {(compared with temperate con-
ditions), heat ucclimation may attenuate this im-
patrment.

In additon to impatring thermoregulation. hy-
pohvdration reduced stomach <ecretions and de-
creased gastric emptying rate (Table 2). Gastric
seeretion is primarily regulated by both neural
fparasympathetic innervation to the stonach) and
hormaonal (gastrin) mechanisms. Thus, a redue-
fon in sumulation of cither mechanism during
exvperiment HY-ACC may have accounted for the
reduced stomach secretions, Alternatively, reduc-

Increased activity of

1 Neuter et al Guastrie emptyving and exerase heat stress
tions in stomach secretions may have been related
to the hypohydration mediated increase in osmo-
lality and the associated decrease in blood volume
(Table 3). It is possible that such a response re-
sulted in a defense of plasma volume concomitiant
with a reduced blood flow within the secretory
cells of the stomach, thereby decreasing stomach
secretions. It seems likely that the reduction in
gustric emptyving observed during experiment HY-
ACC was a function o) the thermal strain induced
by hyvpohvdration and exercise heat stress. As
previously discussed, alierations in gastric con-
tractile activity and. or splanchnic blood flow
may have accounted ftor this reduced guasaic
emptying rate.

It may be argued that. in the present study. the
reductions in gastric emptving observed during
experiments H-UN and HY-ACC were 4 function
of the relative metabolic cost of the activity. Max-
imal oxvgen uptake has been reported to decrease
during exercise in a hot (49 ) environment
(Sawka et al. 1985) and ‘or warm environment
when hvpohvdrated (Crarg and Cummings 1966
Sawka et al. 1984a). Thus, it seems likely that the
subjects in the present study were working at u
hlgher relative "oV, during experiments H-

UN and HY-ACC. However. attempting to estab-
lish a cause and effect relationship between gast-
ric emptving and relative R AT during an exer-
cise-heat stress is misleading. “The reduction in
P()‘” _during exercise in the heat is most likely
due a competition between central and peripheral
circulation for a limited blood volume, resulting
in an inability to maximally increase cardiac out-
put (Sawka et al. 1984a). The physiological mech-
anisin responsible for the increase in the relative
cost of submaximal exercise performed in the
heat. therefore. is probably a direct result of the
increased thermal strain. Likewise. it seems rea-
sonable to assume that the reductions in gastric
emptying were primarily meaiated by the greater
demand upon the thermoregulatory svstem during
experiments H-UN and HY-ACC. with the in-
crease in "oV, being a secondary response. In
support of this concept. the volumes of original
drink emptied were negatively correlated with the
corresponding rectal temperatures obtained during
cach 15 min excrcise bout (Fig. 3). Thus, it ap-
pears that gastric emptying rate during a given ex-
¢rcise is dependent upon the severity of the ther-
mal strain induced by an individual's hvdration
state and - or the surrounding environmental con-
ditions.

With this in mind. our results emphasize the
need to ingest fluids during industrial, athletic
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and or military activities before the development
ol dehvdration and high core temperatures. Un-
der such conditivis where the demand upon the
thermoregulatory system is increased (experiment
HY-ACCO)L  gastric emptyving  rawe decreases
thereby limiting the ingested fluid’s effectiveriess
i defending plasma volume and replacing de-
pleted body water stores. These findings are con-
sistent with Adolf™s (1) early ideas concerning
forced rehydration. Thirst is known to be a poor
index of body water requirements such that ad li-
bitum water intake during exercise in the heat re-
sults in un incompiete replacement of body water
fouses cAdolf 19470 Pitts et al. 1944). In addition,
as hittle as a 270 reduction in body weight induced
by dehvdration elevates core temperatures during
an exercise heat stress as compared with euhy-
drution (Sawka et al. 1984a). Thirst (and therefore
voluntary tluid intake) is probably not perceived
until similur levels of body water deficit (270} have
heen incurred (Adolf 1947). Further, this delay in
rehydration (voluntary dehydration) is greater in
individuals when unacclimated to exercise in the
heat (Eichna et al. 1945: Greenleaf et al. [983).
Thus. individuals experiencing the greatest ther-
moregulatory strain during an activity will often
incur the largest levels of voluntary dehydration.
Consequently, gastric emptying rvate will decrease
and fluid gains to the body will be minimized. There-
tore, forced hyvdration during the early stages of
an exercise heat stress is important, not only to
avoid voluntary dehvdration, but to maximize the
bioavailability of the ingested fluids.
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